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Cascade  type-I  quantum  well  diode  lasers  emitting  960  mW  near  3  jam. 


Cascade  pumping  design  scheme  can  address  fundamental  challenges  associated  with 
mid-infrared  diode  laser  heterostructures.  It  offers  efficient  means  to  minimize  the 
quantum  well  (QW)  threshold  carrier  concentration  and  the  corresponding  adverse  effect 
of  Auger  recombination.  Threshold  carrier  concentration  is  reduced  through  improvement 
of  the  optical  confinement  factor  by  connecting  multiple  gain  stages  in  series  without 
dealing  with  usual  issues*  encountered  by  merely  increasing  the  number  of  QWs  within 
standard  diode  laser  active  regions.  Possibility  to  minimize  threshold  current  while 
simultaneously  increasing  device  internal  efficiency  makes  cascade  pumping  an  enabling 
design  solution  for  high  power  efficient  lasers  emitting  near  and  above  3  pm. 

Initially  cascade  pumping  scheme  was  applied  to  laser  heterostructures  utilizing  gain 
sections  based  on  either  intersubband  [1]  or  type-II  interband  [2]  electron  transitions,  see 
for  instance  [3,4,5].  We  have  shown  [6]  that,  at  least  within  antimonide  material  system, 
the  cascade  pumping  scheme  is  compatible  with  type-I  QW  interband  gain  sections 
providing  efficient  carrier  recycling  between  stages  leading  to  internal  efficiencies  in 
excess  of  100%  .  Corresponding  high  power  room  temperature  operated  2.4  -  3.3  pm 
two-stage  cascade  diode  lasers  were  fabricated  [7].  Experiment  confirmed  that  interband 
tunnel  junction  followed  by  electron  injector  located  near  anti-node  of  the  laser  mode  did 
not  lead  to  excessive  internal  optical  loss.  In  devices  reported  previously  [6]  the 
separation  between  active  QW  and  electron  injector  was  above  200  nm  (see  structure  R  in 
Figure  1).  Large  spacing  eliminated  any  interaction  between  gain  section  and  injector  but 
led  to  reduced  QW  optical  confinement  factor.  Consequently  a  potential  of  the  cascade 
pumping  scheme  to  minimize  threshold  current  density  and  improve  power-conversion 
efficiency  was  not  fully  realized. 

In  this  work  we  eliminated  the  separations  between  the  active  quantum  well  and  the 
electron  injector  (see  structures  A  &  B  in  Figure  1).  This  design  was  implemented  in 
order  to  reduce  threshold  current  density  and  improve  device  efficiency.  New  generation 
ofk~3  pm  cascade  diode  lasers  demonstrated  CW  RT  threshold  current  densities  as  low 
as  100  A/cm".  Peak  CW  RT  power  conversion  efficiency  was  -16%  for  two-stage  2-mm- 
long  100-pm-wide  ridge  coated  lasers.  Corresponding  narrow  ~6-pm-wide  ridge  lasers 
generated  above  100  mW  in  nearly  diffraction  limited  beam.  Three  stage  3-mm-long 
wide  ridge  coated  lasers  demonstrated  CW  output  power  level  of960  mW  at  17  °C. 

Figure  1  shows  band  diagram  schematics  of  the  laser  heterostructures  studied.  Each 
was  grown  by  solid-source  molecular  beam  epitaxy  on  GaSb  substrates  with  the 
following  common  characteristics.  The  n-  and  p-cladding  layers  were  made  of 
Al8oGa2oAs7Sb93  doped  with  Te  and  Be,  respectively.  The  barrier  and  waveguide  core 
layers  were  nominally  undoped  Al2oGa55In25As23Sb77  [  8  ].  Compressively  strained 
(-1.5%)12  nm-wide  GalnAsSb  layers,  with  -50%  Indium,  comprised  the  QWs 
responsible  for  the  room  temperature  optical  gain  near  3  pm.  Graded  layer  was  nominally 
undoped  AlGaAsSb  with  A1  composition  changing  from  50%  down  to  -5%  over 
thickness  of  100-nm.  The  graded  layer  was  followed  by  tunnel  junction  and  electron 


Among  those  are  buildup  of  the  transparency  current  and  development  of  pumping  inhomogeneity  across 
multiple-QW  section  often  accompanied  by  injection  efficiency  degradation. 
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injector  comprised  of  nominally  undoped  10-nm-thick  GaSb,  2.5-nm-thick  AlSb  and  Te- 
doped  6-period  InAs/AlSb  chirped  superlattice  (SL).The  grown  structures  were  processed 
into  1 00-pm-wide  and  ~6-um-widc  dielectric  confined  ridge  lasers. 
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Figure  1. Schematic  band  diagram  of  the  laser  heterostructures  under  flat  band  condition. 


Structure  R  (Figure  1)  depicts  the  design  of  the  first  reported  type-I  QW  GaSb-based 
diode  laser  [6],  and  used  in  this  work  as  a  baseline  reference  sample.  It  was  designed  so 
that  the  fundamental  optical  mode  overlapped  the  two  double-QW  narrow  waveguide 
laser  active  regions  separated  by  a  tunnel  junction  and  electron  injector  with  1.2-nm-thick 
AlSb  layers.  This  two-stage  cascade  laser  design  exhibited  a  slope  efficiency  twice  that 
reported  for  standard  single  stage  type-I  QW  GaSb-based  diode  laser  heterostructures  [9]. 
Note  however,  that  neither  the  differential  gain  nor  the  threshold  current  density  of  the 
cascade  lasers  utilizing  Structure  R  improved  because  of  a  nearly  twofold  reduction  of 
the  optical  confinement  factor  per  QW. 

Structure  A  shown  in  Figure  1  was  developed  specifically  to  increase  the  optical 
confinement  factor  of  active  QWs  and  to  minimize  threshold  current  density.  To 
accomplish  this,  the  QWs  were  moved  close  to  the  anti-node  of  the  fundamental 
waveguide  optical  mode  and,  thus,  located  adjacent  to  the  graded  and  electron  injector 
layers.  Also,  the  number  of  QWs  in  each  cascade  was  reduced  to  one.  It  was  expected 
that  Structure  A  would  reduce  the  threshold  current  density  by  a  factor  of  2,  double  the 
slope  efficiency,  and  thereby  enhance  the  power  conversion  efficiency  (PCE). 

The  PCE  can  be  written  using  a  piecewise  model  of  current-voltage  characteristics  as: 


pce(i)  = 


//  •  (/  ITH  ) 
I-(V0+I-RS) 


(1) 


where  //  is  the  device  slope  efficiency,  /  is  the  current,  ITh  is  the  threshold  current,  Vois 
the  voltage  drop  across  active  region,  and  Rs  is  series  resistance.  The  peak  PCE  can  be 
estimated  by  differentiating  Eq.  l(and  ignoring  the  effects  of  Joule  heating): 


PCE, 
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Clearly,  both  reduction  of  the  threshold  current  and  increase  of  the  slope  efficiency  are 
beneficial,  but  the  latter  has  a  more  pronounced  effect. 
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The  three-stage  cascade  diode  laser  design  (Structure  B  in  Figure  1)  resulted  from 
adding  an  extra  single-QW  gain  stage  to  Structure  A.  It  was  expected  that  the  efficiency, 
threshold  current,  and  voltage  drop  across  active  region  would  scale  with  number  of  gain 
stages.  However,  our  results  indicated  that  the  extent  of  this  scaling  depended  heavily  on 
the  interaction  between  the  QWs  and  adjacent  electron  injectors. 

Figure  2a  shows  room  temperature  plots  of  Hakki-Paoli  modal  gain  spectra  [10] 
acquired  from  1 00- urn- wide  1 -nun-long  uncoated  lasers  based  on  structures  R  and  A. 


17  °C,  100-pm-wide,  1-mm-long,  uncoated 


17  °C,  100-|im-wide,  1-mm-long,  uncoated 


Figure  2. 

(a)  Modal  gain  spectra  measured  by  Hakki-Paoli  method  for  two-stage  cascade  lasers  based  on  structure  R, 
A  and  modified  A.  The  measurement  was  done  at  17  °C  for  1-mm-long,  100-pm-wide  uncoated  lasers  in 
pulsed  regime; 

(b)  Current  dependences  of  the  peak  modal  gain  of  lasers  based  on  structure  R  (open  circles),  structure  A 
(solid  down  triangles),  modified  structure  A  (solid  upward  triangles),  modified  structure  A  with  undoped 
last  4  periods  of  SL  (open  upward  triangles). 

They  all  had  net  cavity  losses  (horizontal  solid  lines  in  Figure  2a)  between  20  and  22 
cm'1,  which  corresponded  to  internal  optical  losses  of  8  -  10  cm'1. The  bandwidth  of  the 
gain  spectra(measured  at  the  locations  of  the  estimated  cavity  loss  level  indicated  by  the 
vertical  arrows  shown  in  Figure  2a)  was  less  than  40  tneV  near  threshold  for  the  devices 
based  on  structure  R.  This  gain  bandwidth  was  comparable  to  that  typically  measured  for 
standard  GaSb-based  type-I  QW  diode  lasers  emitting  near  and  above  3  pm  [9]. The  latter 
observation  is  predictable  since  two-stage  cascade  lasers  based  on  structure  R  utilize  the 
same  symmetric  QWs  as  standard  diode  lasers  do.  In  structure  A  the  QWs  have 
asymmetric  barriers  and  QW2  (Figure  1)  is  grown  directly  on  top  of  the  last  AlSb  layer  of 
chirped  InAs/AlSb  SL  electron  injector.  The  nominal  thickness  of  all  AlSb  layers  in 
electron  injector  of  both  structure  R  and  A  was  1.2  mn.  Devices  based  on  structure  A 
demonstrated  nearly  twofold  increase  in  threshold  gain  bandwidth  (middle  plot  in  Figure 
2a).  Gain  broadening  was  accompanied  by  severe  suppression  of  differential  gain  with 
respect  to  current  (close  downward  triangles  in  Figure  2b)  leading  to  threshold  current 
degradation.  In  modified  version  of  structure  A  the  thickness  of  only  the  last  (directly 
preceding  QW2)  AlSb  layer  of  electron  injector  was  increased  from  1.2  to  2.5  mn.  This 
modification  of  structure  A  design  resulted  in  a  diminished  gain  bandwidth  (bottom  plot 
in  Figure  2a)  and  significantly  improved  differential  gain  with  respect  to  concentration 
(close  upward  triangles  in  Figure  2b).  It  was  notable  that  eliminating  the  Te  doping  from 
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the  last  four  layers  of  InAs/AlSb  SL  of  the  modified  structure  A  did  not  lead  to  further 
improvements  of  the  modal  gain  (e.g.,  compare  open  to  close  triangle  of  Fig.  2b)  or  the 
gain  bandwidth.  This  suggested  that  the  gain  broadening  observed  for  lasers  based  on 
structure  A  (Figure  2a)  could  be  attributed  to  enhanced  effect  of  surface  roughness 
scattering  [  1 1  ] in  QW2  associated  with  a  the  narrow  AlSb  barrier.  This  contention  was 
further  corroborated  by  previously  perfonned  independent  experiments  that  demonstrated 
that  replacing  the  right  barrier  of  QW1  with  graded  layer  while  keeping  QW2  barriers 
symmetric  like  in  Structure  R  had  only  minor  effects  on  gain  bandwidth. 

One  can  speculate  that  penetration  of  the  electron  envelope  function  associated  with 
QW2  into  InAs/AlSb  SL  leads  to  a  decreased  intrasubband  dephasing  time.  Presumably, 
surface  roughness  scattering  that  occurs  at  the  InAs/AlSb  heterointerface  nearest  to  QW2 
contributes  the  most  to  gain  broadening'.  In  addition,  the  increased  net  wave  function 
overlap  with  heterointerfaces  can  lead  to  increased  Auger  [12]  and  other  nonradiative 
recombination  rates.  Therefore,  we  posit  that  both  gain  broadening  and  reduced  carrier 
lifetime  contribute  to  the  decrease  of  the  differential  gain  with  respect  to  current  observed 
in  lasers  based  on  not  modified  Structure  A. 

Figure  3  shows  plots  of  CW  power  and  power  conversion  versus  current  acquired  at 
17°  C  from  100-pmx2-mm  anti-  and  high-reflection  (AR/HR)  coated  two-stage  lasers 
based  on  modified  Structure  A.  The  threshold  current  density  was- 100  A/cm“,  the 
maximum  power  was~650  mW.  Power  conversion  efficiency  reached~16%  and  remained 
well  above  10%  for  output  powersabove~600  mW.  All  of  these  characteristics  surpassed 
those  of  the  previous  state-of-the-art  3  pm  lasers  (i.e.,  reference  structure  R)  [6].  Of 
particular  note  was  the  nearly  twofold  reduction  of  the  threshold  current  density  and 
corresponding  improvement  of  the  power  conversion  efficiency  predicted  by  equation  (2). 
The  inserts  to  Figure  3  show  the  light-current  characteristics  and  far  field  patterns  for 
narrow  ridge  lasers  fabricated  from  the  same  material.  Note  that  the  CW  output  power 
from  this  device  was  above  100  mW. 


Figure  3.  CW  light-current-power  conversion  characteristics  measured  at  17  °C  for  100-pm-wide,  2-mm- 
long  AR/HR  coated  two-stage  cascade  lasers.  Inserts  show  laser  spectra  at  maximum  power  level,  fast  axis 
far  field  pattern  as  well  as  CW  light-current  characteristics  of  2-mm-long,  AR/HR  coated  narrow  ridges 
with  corresponding  slow  axis  far  field  pattern. 


1  Impurity  scattering  associated  with  Te  ions  in  doped  InAs  layers  is  less  probable  candidate  since  increase 
of  the  AlSb  barrier  thickness  by  just  ~1.3  nm  in  modified  structure  A  led  to  dramatic  improvement  of  the 
device  differential  gain. 


4 


Figure  4  shows  plots  CW  light-current-voltage  data  acquired  from  (AR/HR)  coated 
lasers  fabricated  from  material  grown  according  to  structure  B  (i.e.,  three-stage  cascade 
lasers).  Data  was  acquired  from  a  100-pmx2-mm  laser  at  temperatures  between  17°  C 
and  70°  C.  The  design  improvements  incorporated  into  structure  B  increased  this  device’s 
CW  output  power  to  830  mW  17°  C.  The  structure  B  laser  had  T0  and  Ti  values  above  50 
K  and  above  1 10  K,  respectively,  and  a  70°  C  maximum  output  power  greater  than  100 
mW.  The  output  power  of  100-pmx3-mm  three-stage  laser  was  increased  to  -960  mW  at 
17  °C  thanks  to  improved  thermal  footprint.  The  fast-axis  far  field  beam  divergence  of 
three-stage  lasers  was  smaller  than  that  of  the  two-stage  device  with  narrower  waveguide 
core  (compare  -65°  in  Figure  4  versus  -69°  in  Figure  3).  Optical  gain  measurements 
indicated  that  the  two-  and  three-stage  devices  had  nearly  the  same  internal  optical  loss. 
The  internal  efficiency  of  the  100-pm  wide  three-stage  cascade  laser  was  -190%  at  room 
temperature  which  confirmed  the  effect  of  threefold  carrier  recycling,  specifically  when 
compared  to  the  single  stage  (regular  diode  devices)  having  50%  -  60%  internal 
efficiencies  [9].  However,  the  threshold  current  density  for  the  three-stage  lasers  was  not 
lower  than  that  of  the  two-stage  devices  (compare  Figure  3  to  Figure  4).  We  hypothesize 
that  this  results  from  the  barrier  energy  asymmetries  pushing  the  electron  envelope 
wavefunctions  in  QW2  of  Structure  B  toward  the  SL  side  and  thereby  intensifying 
adverse  interface  interactions.  At  the  moment  there  are  insufficient  experimental 
evidence  to  isolate  this  fundamental  phenomenon  from  the  effects  of  growth-to-growth 
variation  on  carrier  localization  and  lifetimes. 


Figure  4.  CW  light-current-voltage  characteristics  of  1 00-pm-wide,  2-  and  3-mm-long  AR/HR  coated 
three-stage  cascade  lasers.  Inserts  shows  spectra  of  the  2-mm-long  laser  at  1 7  °C  at  maximum  output  power 
level  and  fast  axis  far  field  pattern. 

In  summary,  we  showed  that  cascade  pumping  schemes  that  utilize  single-QW  gain 
stages  enhanced  both  the  power  conversion  efficiency  and  the  output  power  level  of 
GaSb-based  diode  lasers  that  emit  near  3  pm  at  room  temperature.  The  cascade  lasers 
discussed  in  this  work  had  densely  stacked  type-I  QWs  gain  stages  characterized  by  high 
differential  gain.  The  devices  demonstrated  CW  threshold  current  densities  near 
100  A/cm2,  a  twofold  improvement  over  the  previous  world  record,  that  resulted  in  peak 
power  conversion  efficiencies  increasing  to  16%  at  17°C.  Three-stage  multimode  cascade 
lasers  emitted-960  mW  of  CW  output  power.  Comparable  narrow  ridge  two-stage 
devices  generated  more  than  100  mW  of  CW  power  with  -10%  power  conversion 
efficiencies. 
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